We compared the alignment of 39 total knee replacements implanted using the conventional alignment guide system with 37 implanted using a CT-based navigation system, performed by a single surgeon. The knees were evaluated using full-length weight-bearing anteroposterior radiographs, lateral radiographs and CT scans.
Total knee replacement (TKR) has become one of the most successful procedures in orthopaedics with survival rates greater than 90% after 15 years. 1, 2 The success of this procedure depends on many factors, including the preoperative condition of the patient, the design and materials of the components and surgical techniques. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] It is important to position the femoral and tibial components accurately and to balance the soft tissues. Malpositioning of the component can lead to failures due to aseptic loosening, instability, polyethylene wear and dislocation of the patella. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Various surgical techniques and systems of instrumentation have been devised to obtain optimal post-operative alignment of the components. In the coronal plane it is recommended that the femoral and tibial components be positioned with less than 3° of error, 3, 4 but such placement can only be achieved in 70% to 80% of patients using intra-or extramedullary alignment guides. 5, 6 The point of entry of the intramedullary alignment guide is critical as it can change both the coronal and the sagittal alignment. 7 For rotational alignment of the femoral component, use of the Whiteside line and the transepicondylar axis is recommended to avoid problems with the patella. 8, 9 However, the transepicondylar axis can be identified visually within 3°i n only 75% of arthritic knees 17 and there may be errors in its identification when using a mini-invasive approach. 18 We cannot expect a high degree of accuracy using conventional techniques for rotational alignment by palpating anatomical landmarks. 17, 19, 20 In order to improve post-operative alignment, navigation systems have been developed for TKR. Many clinical and experimental studies of these systems have shown that the accuracy of implanted components can be improved in spite of the increase in costs and operating time. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] This may not, however, improve the outcome in the short-term. 32 Image-free navigation systems estimate the centre of the joint kinematically and digitise the anatomical landmarks. CT-based navigation systems allow three-dimensional preoperative planning from the CT data and surface-matching registration. With both systems, over 90% of the operated knees achieved alignment of the mechanical axis of the leg within 3° of neutral, [21] [22] [23] [24] [25] [26] but opinions differ as to the accuracy of image-free systems in obtaining rotational alignment. 22, 24, 27, 28, 33 Stockl et al 28 used the post-operative CT scan method and concluded that the image-free navigation systems achieved significantly better rotational alignment of the femoral component than did the conventional group. However, their range of alignment was relatively large (-7° to +4°). Siston et al 33 found that an image-free navigation system was no more accurate than four traditional techniques in establishing appropriate femoral rotation in ten cadaver specimens. Little information has been published on the rotational alignment of CT-based navigation systems. Registration in a CT-based navigation system uses surface matching of the large aspects of bones, whereas the image-free systems are required to specify anatomical landmarks accurately. We hypothesised that a CTbased system would improve both rotational and coronal alignment. The purpose of this study was to evaluate the accuracy of a CT-based navigation system for TKR in the coronal and rotational planes compared with the use of conventional alignment guides, when employed by a single surgeon.
Patients and Methods
Of a total of 137 primary TKRs performed in 119 patients by a single surgeon (SM) between January 2002 and January 2006, 81 knees in 68 patients had the Nexgen legacy posterior stabilised prosthesis (Zimmer, Warsaw, Indiana). A conventional alignment guide system and a CT-based navigation system were used in alternate patients. A study of these patients was approved by the Institutional Review Board, and they were informed of the risk of radiation exposure required. Of the 68 patients, informed consent was obtained from 63 (76 knees). A conventional alignment guide system was used in 39 knees in 32 patients (the 'conventional' group), and in 37 knees in 31 patients a CT-based navigation system was used (the 'navigated' group). After operation all patients in both groups were evaluated using full-length weight-bearing anteroposterior and lateral radiographs. All patients in the conventional group and 28 knees in 23 patients in the navigated group were assessed using CT scans. The Knee Society scoring system 34 was used to evaluate the pre-operative status of the knee one week before the surgery. The demographic data for both groups are presented in Table I ; there was little difference between the two groups except for the angle of maximum extension.
Pre-operative planning procedures and surgical technique
The conventional group. Full-length weight-bearing anteroposterior radiographs were taken with the patella positioned at the centre of the femoral condyles. In the lateral films care was taken to ensure that the posterior condyles of the femur were not misaligned.
A standard medial parapatellar incision and approach was used. For the distal femur, the intramedullary alignment guide was inserted slightly medial to the midpoint of the femoral condyles. This entry point was determined as the position where the intramedullary line of the femoral canal exits the femoral condyles on the full-length anteroposterior radiographs. The distal femoral cutting block was then attached to the alignment guide and adjusted to the anatomical valgus angle of the femur (mean 5.9°, 3.0° to 9.0°). After cutting the distal femur, the cutting block was set to 3° of external rotation from the posterior condylar line. The appropriate cuts were then made.
The extramedullary alignment guide was used for cutting the proximal tibia and was set at a level approximately 10 mm distal to the lateral articular surface of the tibia. The sagittal alignment of the tibia was set parallel to the mechanical axis, and the posterior slope of the tibial component fixed in relation to the lateral tibial plateau. 35 The rotational alignment of the tibial component was adjusted to the anteroposterior axis between the centre of the cut surface and the border of the medial third of the tibial tuberosity. 36, 37 This axis was chosen to avoid rotational mismatch of the femoral and tibial components, and to achieve better patellar tracking. 10 The patella was resurfaced in all patients. All the femoral, tibial and patellar components were fixed with cement. The navigated group. We used a CT-based navigation system (Vector Vision Knee 1.5. Brain LAB Inc., Heimstetten, Germany). For the initial CT scans, a 100 mm section of the femoral head, a 200 mm section whose midpoint was the knee joint and a 100 mm section of the distal tibia were scanned with a slice thickness of 2 mm. The scanning time was approximately 10 seconds and the calculated radiation dose for the procedure was 3.7 mSV. The cost was approximately US$ 120 to 130. From these data, we defined the centre of the femoral head and the centre of the ankle joint after adjusting for the bone threshold and the window level and width. The bone threshold value was between 100 HU and 150 HU according to the patient's CT data; the extra artefact was deleted and the bone surface identified as clearly as possible. The femur, tibia and patella were then separated from each other at four points, namely the intercondylar eminence, the lateral tibial plateau, the medial tibial plateau, and the centre of the patella.
The anatomical axis of the femur was defined as the straight line between the centre of the intramedullary canal of the proximal and distal parts of the femur in both the coronal and sagittal planes. The mechanical axis of the femur was taken as the straight line between the centre of the head of the femur and the centre of the distal condyles. The coronal alignment of the femoral component was planned to be perpendicular to the mechanical axis of the femur and the sagittal alignment to be perpendicular to the anatomical axis of the distal femur in order to avoid notching of the femur due to the anterior bowing (mean 3.0°; 1.0° to 6.0°, in flexion to the mechanical axis). The rotational alignment was adjusted to the surgical epicondylar axis, which is a line connecting the sulcus of the medial epicondyle and the most prominent point of the lateral epicondyle of the femur. 8, 9 After aligning the femoral component to the axis the size of the femoral component was adjusted as close as possible to the posterior condyles. The mechanical axis of the tibia was defined by a straight line between the centre of the cut of the proximal tibia and the centre of the ankle joint. 38 The planned coronal alignment of the tibial component was perpendicular to this axis. The planned sagittal alignment of the tibial component was parallel to the lateral tibial slope (mean 6.8°; 5.0° to 8.0°, to the mechanical axis). 35 The rotational alignment was adjusted to a line from the medial third of the tubercle at the level of the patellar tendon attachment to the centre of the cut surface of the tibia. The tibial component was positioned At operation, the same medial parapatellar approach was used as in the conventional group. The reference clamp was fixed to the distal femur or the proximal tibia with one or two pins. Registration using surface matching of the bones was done with a pointer to match the corresponding three-dimensional CT images on the screen. A minimum of eight to a maximum of 20 points were registered until an accuracy of 1.9 mm or better was achieved. Using the cutting block adapter, the femoral and tibial blocks were positioned to match the plane of cut that had been determined before operation and was shown on the navigation system. After resection, all the planes were checked by the verification tool of the navigation system. The patella was resurfaced in all patients. All the femoral, tibial, and patellar components were fixed with cement. Evaluation of post-operative alignment. The knees were assessed using the knee and functional score of the Knee Society scoring system six months after operation. Student's t-test was used to identify statistically significant differences (p < 0.05).
The alignment in the coronal plane was measured on the anteroposterior whole-leg radiograph (Fig. 1) . The mechanical axis of the leg was defined as the hip-kneeankle angle, which is the angle between the line connecting the centre of the hip with that of the knee, the mechanical axis of the femur, and the line connecting the centre of the knee with that of the ankle joint, which is the mechanical axis of the tibia. The ideal hip-knee-ankle angle was defined as within 3° of 180°. The coronal femoral component angle was measured as the medial angle between the mechanical axis of the femur and the horizontal axis of the two prosthetic condyles. The coronal tibial component angle was measured as the medial angle between the mechanical axis of the tibia and the horizontal axis of the tibial tray. Ideally, both these angles measured within 2° of 90°.
Alignment in the sagittal plane was measured on lateral radiographs (Fig. 1) . The sagittal femoral component angle was defined as the posterior angle between the anatomical axis of the distal one-third of the femur and a tangent to the distal part of the femoral component. The tangent was treated to be parallel to the bone-implant interface of the distal part of the femoral component. The ideal angle lay within 3° of 90°. Rotational alignment was measured on the CT scan (Fig. 2) . A 200 mm section whose midpoint was the knee joint only was scanned with a slice thickness of 2 mm. The rotational femoral component angle was defined as the angle between the surgical epicondylar axis and the posterior condylar line of the femoral component. The rotational tibial component angle was defined as the angle between a line connecting the centre of the tibial component and the medial third of the tibial tubercle and a line perpendicular to the posterior condylar line of the tibial component. The ideal femoral component and rotational tibial angles are defined as within 3° of the target angle (0°).
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Statistical analysis. A Mann-Whitney U test was used to determine statistically significant differences (p < 0.05) in absolute value from the target angles between the two systems using these parameters. Fisher's exact probability test was used to compare the quality of implantation, measured against the ideal position, between the two systems with these parameters (p < 0.05). In addition, we evaluated a correlation between error in rotational alignment and the functional score for both groups using Spearman's correlation coefficient by rank test (p < 0.05). All measurements were done by two observers (HM and YA). The blinded data did not include the patient information and were numbered randomly. The mean values of three measurements using a digital X-ray measuring system (X-caliper; Eisenlohr Technologies Inc., Davis, California) were measured. The chance-corrected κ-coefficient was calculated to determine intra-and inter-observer agreement, with κ values interpreted according to the recommendations of Landis and Koch. 39 Intra-and interobserver reliability were almost perfect (p < 0.001 in each case, Table II) .
Results
The mean post-operative Knee Society score was 94.9 (62 to 100) for the conventional and 95.0 (70 to 100) for the navigated group. The mean post-operative functional score was 78.1 (5 to 100) for the conventional group and 78.2 (30 to 100) for the navigated group. No significant difference was detected in these values for the two groups. No patients had a flexion contracture of more than 20° or a flexion angle of less than 90° at six months after surgery. the functional score for both the femoral and the tibial components.
Discussion
Total knee replacement has become a very successful procedure owing to improvements in prostheses and in surgical techniques. However, malpositioning of the components may occur when the conventional method is used. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Longleg standing radiographs are commonly used for preoperative planning, but they can be affected by the position of the limb and the direction of scanning because they are two-dimensional images. Other possible causes of error include bowing of the bones, severe deformities and obesity.
Navigation systems for TKR have been developed to reduce these errors. This study compared post-operative alignment achieved using CT-based navigation with that using the conventional system. For coronal alignment, the positioning of components was improved by the navigation system, with results similar to those of Nizard et al 25 and Perlick et al. 26 The CT-based system ensures the accuracy of positioning the components in the coronal plane.
The sagittal alignment of the components was improved by the navigation system. Poorer results with the conventional method seem to relate to the use of the intramedullary guide whose alignment is affected by its point of entry and direction. Mihalko et al 7 found differences in alignment in the sagittal plane using three different entry points for the intramedullary guide. Their trials on seven cadaver limbs varied between 2.2° of extension and 3.8° of flexion relative to the mechanical axis. With the image-free navigation system, many authors have concluded that this method is useful for cutting the distal femur perpendicular to the mechanical axis of the femur. 28 However, this method may increase the risk of notching the anterior cortex of the distal femur and require manual adjustment of the position of the cutting guide to avoid this. We chose the anatomical axis of the distal femur as the planned sagittal alignment of the femoral component to avoid notching. Post-operative sagittal alignment was also measured using the distal anatomical axis as a reference line to minimise the effect of sagittal bowing of the femur.
Few studies have yet demonstrated any advantages of the CT-based navigation system with respect to rotational alignment. In our series, 89.3% of the femoral components were implanted within 3° of the ideal rotational alignment and the range (-3.5° to 3.0°) was relatively small. Using the image-free system, it is uncertain whether digitising the bony landmarks is precise, and the accuracy of the rotational alignment is still uncertain. 22, 24, 27, 28, 33 Many authors 17, 19, 20 have reported variability in the identification of the transepicondylar axis. Yau et 19 found that the maximum combined error was 8.2°, with 5.3° at the medial femoral epicondyle and 2.9° at the lateral in the transepicondylar axis. These results suggest that surgeons are not able to rely completely on the accuracy of the imagefree navigation system. Image-free systems are more widely used than the CT-based system, probably because of the need for pre-operative CT scans and the planning time.
Although this study has shown that the CT-based navigation system significantly improved the accuracy of the rotational alignment of the tibial component, the variation from the ideal angle of tibial alignment was larger than that of the femoral alignment, as others have noted. 22, 24, 27 One reason for this is the difficulty in determining the medial third of the tibial tubercle at the same point as was defined pre-operatively. Even so, 78.6% of the tibial components in the navigated group were implanted within 3° of the ideal rotational alignment, as has been found using an image-free navigation system. 22 It is difficult to determine the ideal tibial rotational alignment because the method of defining the anteroposterior axis of the tibia is variable. 36, 37 We used the line connecting the centre of the tibia and the medial third of the tibial tubercle as the reference axis to avoid the rotational mismatch between the femoral and tibial components 36, 37 and to achieve better patellar tracking. 10 Determining the indicator of 'outliers' is another difficult issue in tibial rotational alignment. Rotator restraint produced by the tibiofemoral linkage of the posterior stabilised design should be considered. However, the Nexgen legacy posterior stabilised prosthesis (Zimmer) has 12° of freedom of internal and external rotation in full extension. In this study, within 3° was chosen for the ideal range in order to be able to compare the accuracy with other navigation systems. 27 Some reports 21, 29 comparing the accuracy of the CTbased navigation system to that of the image-free navigation system show no differences in the accuracy of the postoperative alignment using the radiographs. Image-free navigation systems are widely used for computer-assisted surgery. Jenny et al 23 reported that 92.3% (217 of 235 knees) of operations had a coronal mechanical femorotibial angle within a range of ± 3° using the OrthoPilot system (Aesculap, Tuttlingen, Germany), compared with 72.3% (170 of 235 knees) with conventional methods. Tingart et al 30 reported that 94.8% (474 of 500 knees) of operations had a varus/valgus alignment within a range of ± 3° of 180°( the target angle of the mechanical axis) using the VectorVision CT-free Knee (BrainLAB, Munich, Germany; CI System Orthopedics, Munich, Germany), compared with 74.4% (372 of 500 knees) with conventional methods. The main disadvantage of the CT-based navigation system is that it requires pre-operative preparation with additional costs and exposure to radiation. However, our results show that the CT-based system has advantages over the imagefree system, in particular in determining femoral rotation.
The current study has some limitations. The number of patients is relatively small. The post-operative alignment was evaluated by radiographs and/or CT images. This is a two-dimensional evaluation and is affected by the positioning of the limb and the direction of scanning, despite the fact that pre-operative planning and intra-operative procedures are performed in three dimensions. Cobb et al 40 reported the accuracy of unicompartmental knee replacement three-dimensionally from the pre-operative and postoperative CT images. It is important to evaluate the postoperative alignment three-dimensionally. However, our post-operative CT was performed only around the knee joint, in order to minimise the dose of radiation, and wholeleg alignment was evaluated by this method. The sagittal alignment of the tibial component was not evaluated as it was adjusted to the lateral anatomical tibial slope.
This study evaluated the accuracy of a CT-based navigation system using post-operative radiographs and CT scans. Our results demonstrate significant improvements in positioning of the components with the CT-based system, especially with respect to rotational alignment.
